Dynamics and interactions of AAC3 in DPC are not functionally relevant
To the Editor -A recent study by Brüschweiler et al.
1 used solution-state NMR spectroscopy to examine the interactions and dynamics of the yeast mitochondrial inner membrane ADP/ ATP carrier (yAAC3). Crystal structures of different AACs, including yAAC3, in a conformation locked with a strong inhibitor (CATR) had been determined before. This putative 'c-state' 2,3 is believed to represent an extreme conformation of an alternating-access mechanism, which involves a further and yet-elusive second state termed the 'm-state' . Characterizing the dynamics between these states is of paramount importance to understanding the transport mechanism. Brüschweiler et al.
1 refolded yAAC3 from inclusion bodies in the detergent dodecylphosphocholine (DPC) and observed micro-to millisecond motion in part of yAAC3 using CPMG NMR experiments. The authors propose that these asymmetrically distributed dynamics, involving residues located in three of six helices (α 1, α 2 and α 6), correspond to excursions from the c-state, which they believe is the predominant state in their sample, to an alternative state populated to 2%. They further propose that this transiently populated state might correspond to, or at least be similar to, the long-sought m-state. Support for the importance of the sparse state in functional turnover comes from their finding that dynamics are quantitatively different when the substrate (ADP) or inhibitor (CATR) is present. As discussed below, we disagree with their interpretations. Specifically, we believe that (i) the sample was not in a functionally relevant folded state, (ii) the dynamics fits were not correctly performed and the dynamics parameters are quantitatively incorrect, and (iii) the substrate or inhibitor has negligible effects on dynamics in their sample, thus challenging their main conclusions.
A number of studies have demonstrated the denaturing effects of DPC on AAC and related mitochondrial carriers [4] [5] [6] [7] [8] . The authors chose to study binding of CATR and ADP as criteria to assess whether their yAAC3 sample in DPC was functional. They report a dissociation constant (K d ) for CATR binding of about 26 µ M (using isothermal titration calorimetry (ITC)) to 150 µ M (by NMR). The apparent agreement with one particular literature value 9 of 192 µ M would suggest that yAAC3 is functional in DPC. However, the originally reported value was a typographical error and has since been corrected to 192 nM 10 , in agreement with many previously reported low-nanomolar K d values in membranes and detergents [11] [12] [13] [14] . The CATR affinity in DPC is therefore about three orders of magnitude lower than the one for a functional protein. This finding by itself strongly suggests that the sample is in a non-native state.
Furthermore, on the basis of NMR spectra of yAAC3 in DPC with CATR and ADP, the authors proposed that the interactions with CATR and ADP are specific. They support this claim through chemical shift perturbation (CSP) data observed upon CATR titration for residues S31, K27, I84, R85 and T86 (shown in a small excerpt of the NMR spectra in Fig. 1e and Supplementary Fig. 1 of ref.
1
) and CSPs upon addition of ADP (Fig. 3c in ref. 
).
We have reanalyzed their titration data, using the spectra provided by the authors, and find that the CSPs arising upon addition of CATR or ADP are spread throughout the molecule (Fig. 1a and Supplementary  Figs. 1 and 2) . Residues with the largest ADP-induced CSPs do not point toward the central cavity, where ADP binds [15] [16] [17] [18] , but are on the mitochondrial matrix side, over 20 Å away from the presumed binding site. Likewise, numerous residues experiencing CSPs with CATR lie more than 20 Å away from the CATR-binding site known from crystal structures 2 and are particularly located in the N-terminal loop and the matrix helices, which are least expected to be involved in CATR binding (Fig. 1b) . Possibly, unspecific electrostatic interactions in these sample conditions of low ionic strength might be an explanation for the observed effects. In line with this view, a recent study reported that yAAC3 and the related GDP/GTP carrier 1 (yGGC1), which in lipid bilayers bind selectively to ATP/ADP (AAC) or GTP/GDP (GGC), but not the other nucleotide, lose this binding specificity in DPC detergent 7 . We also challenge the technical correctness and interpretation of the dynamics analyses, which form the core result of the publication. We used the exchange rate constants (k ex ) and population of 'excited' state (p e ), as well as chemical shift differences (Δ ν), reported in ref.
1 to generate theoretical CPMG dispersion curves and superimposed them onto the original CPMG data (Fig. 1c, gray and black). The strong disagreement with the experimental data shows that the fit parameters used by Brüschweiler et al.
1 do not describe their experimental data, thus calling into question an interpretation that the authors put forward. They used the large values of Δ ν, particularly in the proline kink regions, to propose that the excited state may resemble the m-state. However, given that the actual chemical shift changes are likely much smaller than the reported ones, this interpretation is erroneous.
We then focus on the central claim of the publication, namely that the presence of ADP or CATR significantly alters the rate at which yAAC3 exchanges with its alternate state, going from k ex = 870 ± 200 s −1 without substrate or inhibitor to 1,800 ± 350 s −1 in the presence of ADP and 150 ± 110 s −1 in the presence of CATR, whereby the excited state population (2%) remains constant. Although these absolute values are in all likelihood quantitatively wrong (see above), we investigated whether the reported CPMG data (Q41 and I84) indeed support significant differences in dynamics upon addition of ADP or CATR. Figure 1c shows that a single set of exchange parameters (k ex and p e ) for all three sample states (apo, CATR loaded and ADP loaded) can describe the experimental data points similarly well as the original fit data. This analysis, although performed only with the limited data available in ref.
1 , suggests that the exchange dynamics in the three different samples are likely not statistically altered by the substrate and inhibitor. We stress here that vertical offsets of CPMG curves are not relevant for dynamics fits, and therefore the close match of the dispersion data points to the curves in the three states (Fig. 1c) suggests that the corresponding exchange parameters are similar. A recent study with a non-functional mutant of yAAC3 in DPC found essentially the same dynamics as those of wild-type yAAC3 7 , supporting our view that the observed motions are not related to function.
It is unlikely that, in functional AAC, CATR has only a very modest (if not negligible) effect on the dynamics and that it leads to the modest spectral changes reported ( Supplementary Fig. 1 ). CATR is a very strong inhibitor that locks native AAC into a single conformation. It remains bound to native yAAC3 extracted from membranes even throughout days of purification steps without externally added CATR 2 . The thermal stability of AACs in mild detergent increases by more than 30 °C upon binding of CATR 5, 6 , revealing a considerable change in the properties induced by inhibitor binding, at variance with the very modest CATRinduced effects reported in ref.
1
. The lack of binding specificity, low affinity and hardly detectable effects on dynamics all point to a non-functional state of yAAC3 in DPC, in line with other reports on DPC-induced perturbations of mitochondrial carriers [4] [5] [6] [7] [8] . Supplementary Fig. 3 in ref.   1 ). The identity of residues with large CSPs and their distance to CATR are indicated. c, CPMG relaxation dispersion data at two static magnetic field strengths (600 and 700 MHz) for reported amide sites, Q41 and I84, in the ligand-free (left), ADP-bound (middle) and CATR-bound (right) sample conditions, as reported in Fig. 2 of ref. 1 , are shown as circles. Theoretical CPMG curves using the exchange parameters reported in ref.
1 are shown in gray and black in two panels (see Supplementary Fig. 3 for all curves) . The red and blue curves were generated using a single uniform exchange rate constant (k ex = 1,500 s ) and minor state population (2%) for all residues in all three experimental conditions. Residue-wise chemical shift differences were assumed and are reported in each panel. We note that the vertical offset of these curves is not relevant for the analysis of conformational exchange; for example, the CPMG curves shown for I84 with ADP and CATR are identical and differ only by a constant offset. Additional data and details about the analyses of CPMG data can be found in Supplementary Fig. 3 .
Concerns with yeast mitochondrial ADP/ATP carrier's integrity in DPC
To the Editor: Herein we wish to note our objections to "Substrate-modulated ADP/ATP-transporter dynamics revealed by NMR relaxation dispersion" by Brüschweiler et al.
1
. The subject of this article is the yeast mitochondrial ADP/ ATP carrier AAC3, which we have studied in great detail ourselves. In particular, we have solved its structure by electron 2 and X-ray 3 crystallography and have studied its interactions with the specific inhibitors atractyloside (ATR) and carboxyatractyloside (CATR) by singlemolecule force spectroscopy 4 . In ref.
, the authors claim that AAC3 can be refolded to homogeneity from inclusion bodies produced in Escherichia coli using the detergent dodecyl phosphocholine (DPC), better known as Foscholine-12, and that AAC3 is maintained in a folded and active state for the duration of isothermal titration calorimetry (ITC) and NMR experiments. However, in our hands, the presence of DPC leads to immediate loss of tertiary structure and inactivation of AAC3 when the protein is isolated from the inner membrane of mitochondria, where it is folded and active, as shown by functional complementation 2, 3 . To validate the integrity of their refolded protein, the authors first used ITC to measure a dissociation constant (Fig. 1a) . Thus, the consensus K d value is at least three to four orders of magnitude lower than the values reported for refolded AAC3 in DPC 1 . Our ITC measurements using native AAC3 from yeast mitochondria purified in dodecyl maltoside and tetraoleoyl cardiolipin gave an average K d of 72 nM (Fig. 1b) , which is 200-to 2,000-fold lower than the values reported in Brüschweiler et al.
. These experiments were very difficult to perform (only two of ten trials succeeded), as the enthalpic change is low and the apo state is very unstable in detergent 7 . There are very few polar side chain interactions in AAC3 that stabilize the structure, and these side chains are mainly found on the matrix side, where they form intradomain rather than interdomain interactions 3 . The ring of transmembrane α -helices is held together largely by the lateral pressure of the membrane and counter-pressure from the water-filled cavity ( Supplementary Fig. 1a ) 3 , explaining why unliganded AAC3 in detergent micelles is prone to unfolding. Binding of CATR introduces a large number of polar and van der Waals interactions, which cross-link most of the transmembrane α -helices of AAC3 together 3, 8 , explaining the high affinity of CATR for AAC3 as well as the improved stability of the bound form in detergents (Supplementary Fig. 1b) . The experiments reported here and elsewhere clearly show that the K d of CATR binding to the folded mitochondrial ADP/ATP carrier is in the low nanomolar range, consistent with the role of CATR as a powerful toxin.
We further note that, to obtain the crystal structure, AAC3 was first inhibited with CATR in the mitochondrial membrane but then solubilized, purified and crystallized in maltoside detergents in the absence of CATR for 5-7 days 3 . Yet, a clear interpretable density for CATR could be observed 3 , demonstrating that the inhibitor remained bound, consistent with extremely low rates of dissociation. The extremely low affinity of CATR for refolded AAC3 in DPC begs the question of whether the binding is specific at all. Only a limited number of chemical shift perturbations for CATR binding to refolded AAC3 are observed 1 , and all of them are dynamic, which is inconsistent with tight binding. Moreover, with few exceptions, these residues are not near the known CATR-binding site 3 , nor are they on structural elements that are involved in CATR binding. We do not find it surprising that the mitochondrial ATP-Mg/P i carrier (SCaMC) or uncoupling protein (UCP1) in DPC do not bind CATR in ITC experiments, as the native proteins in the membrane do not either. However, it is surprising that AAC3 in DPC would bind CATR with 1:1 stoichiometry, suggesting that every single AAC3 refolded from inclusion bodies is competent to bind CATR, even while the affinity is three to four orders of magnitude lower than that of native AAC3 in the membrane.
We also note that the K d of ADP binding determined by NMR (500 μ M) 1 is ~85-fold higher than the published consensus values for the carrier in the mitochondrial membrane and ~25-fold higher than for the solubilized carrier (Supplementary Table 2 ). Residues that were assigned to have chemical shift perturbations induced by ADP are largely on the matrix side of the carrier, far away from the consensus binding site in the central cavity [9] [10] [11] [12] [13] [14] . AAC3 has an isoelectric point of 9.82, meaning
